Energetic performance analysis of absorption cooling plants integrated in solar thermal and district heating systems by O'Reilly Ibañez, Ciaran Cormac
Technische Universität Berlin
Fakultät III Prozesswissenschaften
Institut für Energietechnik
Fachgebiet Maschinen- und Energieanlagentechnik
Prof. Dr.-Ing. Felix Ziegler
Master Thesis
Energetic performance analysis
of absorption cooling plants
integrated in solar thermal and
district heating systems
Ciaran Cormac O'Reilly Ibañez
Matr.-Nr.: 336005
Tutor: José Luis Corrales Ciganda, M. Sc.
September 12, 2011
Die selbständige und eigenfertige Anfertigung versichere ich an Eides statt
Berlin, 12.09.2011
Ciaran Cormac O'Reilly Ibañez, Matr.-Nr.: 336005
Abstract
The following thesis analyses and compares the performance of combined DHW
and space heating and cooling systems driven by district or solar heating and
evaluates the energetic savings of using a small scale absorption chiller to
produce cold in the household. A reference system, composed of a compression
chiller and space heating and DHW driven by district heating, is used in the
analysis. The diﬀerent conﬁgurations have been modelled using the Modelica
modelling language and simulated as being in two diﬀerent locations, Berlin
and Madrid. These simulations have been carried out for a week in summer and
a week in winter in order to identify the optimal conﬁgurations and energetic
performance in each location. The resulting analysis has shown that a system
can be deemed unproﬁtable when not well dimensioned and that pressure losses
in the circuits are an important issue which is seldom unaccounted for.
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1. Introduction
The energetic consumption worldwide continues to rise every year with no stop
although fossile fuels are becoming more and more scarce. A transition to more
environmental friendly energy sources is necessary but a key issue should also
be to increase the eﬃciency of new installations.
Solar energy is a free source of energy which allows the consumers to produce
their own energy and hence become less dependant on the big companies that
provide heat and electricity. It has become more and more common to install
solar collectors in households that seize the energy from the sun in order to
satisfy the demands for heating and cooling. Moreover, since 2007 it is now
mandatory in Spain to install solar hot water heating for new and remodeled
private residences, and photovoltaic to oﬀset some power requirements for all
new and remodeled commercial buildings.
Solar installations for space heating and domestic hot water have been around
for years and are well known. These installations provide free energy that
can help reduce the fossile fuel normally burnt in boilers. Hence, such sav-
ings are not only economically but environmentally appealing. An issue often
encountered is that the demand for heat is at its highest during the winter
season when the solar radiation used by the collectors is usually at its lowest.
Furthermore it is in summer, when the radiation from the sun is higher, that
the demand for space heating and domestic hot water is lower. These systems
are eﬃcient and proﬁtable by themselves but there is still lots of energy that
is not being used. More energy could be spared if an absorption chiller was
used to combine the space heating and domestic hot water possibilities of such
systems with space cooling capabilities.
Solar cooling was not generally an option for household applications until re-
cently, when a number of small capacity thermally driven chillers entered the
market, opening up promising possibilities for solar heating and cooling also
in the small power range. This is still a developing market and it is not well
known by all installers. It is also sometimes diﬃcult to decide in an early
1
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planning stage, whether solar heating and cooling is feasible in a speciﬁc case.
This thesis aims to provide a tool to simulate combined domestic hot water
and space heating and cooling driven by solar heating in order to analyse its
performance and feasibility in comparison to a reference system composed of
a compression chiller. The identiﬁcation of standarised conﬁgurations would
help installers determine if such a system is proﬁtable or not within given con-
ditions. Moreover, the capabilities of Modelica allow it for rapid optimization
and evaluation due to its object-oriented design.
It is also an objective of this work to evaluate the energetic savings of using a
small scale absorption chiller to produce cold in the household. Therefore, also
a conﬁguration driven by district heating is simulated. In addition, the given
models will be improved when necessary in order to simulate the systems more
accurately.
2
2. Background
The study carried out in this project has its origins in the european Solar-
Combi+ project [3] and more speciﬁcally in the virtual case study that the
Fraunhofer Intistut für Solar Energie developed for it. The initial approach
was to simulate the same conﬁgurations which were taken into account in the
aforementioned virtual case study using the Modelica modeling language. It
was intended in order to show the capabilities of this modeling language but
a thorough energetic performance analysis of the systems that derive from the
SolarCombi+ project was, and is, the main objective.
In order to validate the results of the new simulations it is necessary to be as
accurate as possible and use the same parameters that were once used in the
original virtual case study. However, not all source data could be obtained so
the results are not expected to be the same but to be as faithful to the physical
systems as the former.
The current project is a follow-up on the work carried out by Christian Kr-
uschinke in his Bachelor thesis [9]. His initial work ended up being incomplete
due to a lack of time and presented several ﬂaws which deemed the results
unsatisfactory. Therefore, it was necessary to continue developing the models
for the simulation in order to obtain an accurate outcome that would make it
possible to thoroughly analyse the performance of the system.
The following sections describe the SolarCombi+ project and the main consid-
erations around the virtual case study as well as the work done in Kruschinke's
Simulationsbasierter Vergleich einer Absorptionskälteanlage im Solar- und Fer-
nwärmebetrieb and the main errors detected.
2.1. SolarCombi+
SolarCombi+ is a project funded by the IEE (Intelligent Energy Europe) pro-
gramme which started in September 2007 and involved institutes and industrial
3
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partners from Austria, France, Germany, Greece, Italy, Spain and Sweden. The
aim of this project was to enhance smooth market entry of small scale sorption
chillers, where several European enterprises are taking over worldwide leader-
ship. Until recently sorption chillers were mainly available in high power ranges
which were not suitable for domestic uses. However, in the last years, small
scale sorption chillers have started to penetrate the market and have become
comercially available. This makes possible the use of these type of chillers in
household applications to produce cold and at the same time reduce energy
consumption by combining these with solar heating. SolarCombi+ systems
are therefore systems which use solar energy not only to produce domestic hot
water (DHW) and space heating, but also space cooling. These conﬁgurations
are however quite new and to smoothen the market entry of such systems some
initial barriers had to be addressed.
 Combined solar heating and cooling requires a specialised design accord-
ing to each installation for all the components to perform optimally
 Although comercially available, small scale sorption chillers are still ex-
pensive due to the low production volume
 Installers, planners, architects and potential clients are still unaware of
the beneﬁts of combined solar space heating and cooling
The SolarCombi+ project addressed this issues in its strategy by identifying
standarised system conﬁgurations and package solutions in order to reduce
design eﬀort; identifying the most promising markets and rising awareness
amongst the main actors involved. The Fraunhofer Institut für Solar Energie,
as a partner involved in the project, was responsible for the development of a
virtual case study which would help identify the most optimal conﬁgurations
for small scale space heating and cooling. This would help in the pre-planning
process when designing an installation and reduce the eﬀort (economical and
in terms of time) usually spent in this stage.
2.1.1. Virtual Case Study
In March 2009 the Report on the methodology of the virtual case study [12]
which described the procedure that was followed was published. The results
of this study aimed to help engineers and installers decide upon the feasability
4
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of using solar thermal energy to cool and heat a building in each speciﬁc case.
Therefore a thorough analysis and comparison on the performance of solar
combi plus systems was made. The Fraunhofer ISE analysed two basic plant
conﬁgurations which were detected through market and technical analysis.
Upon these two basic systems numerous parameters were varied and numerical
simulations were carried out. The parameters which were modiﬁed and for
which the performance was analysed were:
 Geographical location of the solar combi+ plant
 Building in which the solar combi+ plant is installed
 Chiller brand
 Collectors' type (ﬂat plate, evacuated tube collectors)
 Heat rejection system's type (wet cooling tower, dry air cooler and hybrid
cooler)
 Chilled/Warm water distribution system (fan coils and chilled ceiling)
 Collectors' area between 2 and 5 m2/kW of reference chilling capacity
 Warm water storage volume between 25 and 75 l/m2 collectors' area
In July 2009 a report named General results of the virtual case study [11]
was published and included the analysis of the performance ﬁgures for each
possible conﬁguration. The results showed that a well-sized system should
have collector sizes between 3.5 and 5 m2/kW of reference chilling capacity
and a hot storage volume of 50 to 75 l/m2 collectors' area. In these ranges
it is possible to achieve high solar fractions and the system operates in a way
which optimizes primary energy usage and costs, maximizing the savings of
the former and minimizing the latter. This can be seen on ﬁgure 2.1
5
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Figure 2.1.: Deviation (average over diﬀerent chillers) for cost of saved primary
energy with respect to the medium sized system (medium collector
area and medium storage volume; black dot) for the system con-
ﬁguration Naples, chilled ceiling, ﬂat plate collector, wet cooling
tower, building standard R100. The average deviation is shown
for 2, 3.5 and 5 m2/kWPref and 3 storage sizes.
2.2. Christian Kruschinke's work
Based on the conﬁgurations that proved to be optimal in the Virtual Case
Study carried out by the Fraunhofer ISE, Christian Kruschinke developed his
Bachelor thesis entitled Simulationsbasierter Vergleich einer Absorptionskäl-
teanlage im Solar- und Fernwärmebetrieb [9] (Simulation-based comparison of
an Absorbtion refrigeration system operated with Solar and District Heating).
The idea behind his work was to simulate a small scale system which would
supply space heating and cooling as well as domestic hot water using the Mod-
elica modeling language. This system was intended to be as similar as possible
to the conﬁgurations simulated in the Fraunhofer's study but the variations
which were performed were mainly on the geographic location of the system.
As stated in his work, several problems were encountered when performing the
simulations, especially on the big solar heated model, and due to a substantial
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lack of time these issues could not be addressed. The main problem encoun-
tered was that in order for the whole system to converge it was necessary to
establish an idle mass ﬂow rate of 0.01kg/s. This idle mass ﬂow rate meant
that there was water circulating through the pipes when the pumps should
be turned oﬀ, resulting in extra energy and district heating consumption. An
extra consumption therefore altered the ﬁnal results, which didn't reﬂect the
actual performance of the systems. Moreover some control strategies had to
be further optimized, especially the control on the backup system used with
the solar heating. Due to an incorrect control strategy the backup system was
constantly on, heating the water that was to be used in the absoprtion chiller
and the heating and domestic hot water systems, even though there was no de-
mand for it. In addition, as an idle mass ﬂow rate was used, water circulating
through the system would heat the working ﬂuid in the solar collector circuit
at night and this would subsequently be cooled down in the solar collector.
Other minor problems in the control strategies as well as some components
not having realistic parameters were also detected. All these problems deemed
the results and, in turn, the performance analysis unreliable.
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3. Methodology
In order to carry out an accurate analysis on the performance of a physical
system it is essential that the modellization and further simulation of this are
as realistic as possible. For a given model to resemble as much as possible to
its real homologous is often complicated but general assumptions can be made
that still give plausible results. In order to modelate and simulate the systems
which were studied in this project the Modelica language was used, and more
speciﬁcally the Dymola software. Most components used were already available
in the Modelica Fluid library or the PolySMART project library, whilst others
had to be built up.
3.1. Modelica modelling language
Modelica is an object-oriented modeling language initially designed by Hilding
Elmqvist in September 1996. The ﬁrst version was based on his PhD thesis,
in which he developed the Dymola modeling language [4], and his experience
with other modeling languages. In September 1997 the ﬁrst version of the
Modelica speciﬁcation was released and was intended as a prototype imple-
mentation within Dymola. It continued its development together with the
Dymola software until in the year 2000 the non-proﬁt Modelica Association
[1] was created. The aim of this organization was to manage the continually
evolving Modelica language and the development of the free Modelica Stan-
dard Library. Modelica has several features which make it a better option
when recreating complex systems. Its main advantage is that it is based on
equations instead of assignment statements (such as TRNSYS or MATLAB)
which allows acausal modeling. As equations do not specify a certain ﬂow of
data classes can be reused more easily without further modiﬁcations. More-
over, the multi-domain capability of Modelica allows the connection of model
components corresponding to physical objects corresponding from several dif-
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ferent domains such as thermodynamical, mechanical, electrical or hydraulic
for example.[5]
Dymola is the software environment which was used in this project to model
the components and build the diﬀerent conﬁgurations. It was ﬁrst born as a
modeling language and software in 1978 and when Modelica appeared it sup-
ported both languages. It was not until 2002 that only Modelica was supported
by the Dymola software. Thanks to its graphical interface Dymola allows its
users to easily model and simulate complex systems.
3.2. Components
In order to build the systems simulated in this project several components from
the PolySMART library were used. This library contains models which can
be used for the simulation of polygeneration systems with advanced small and
medium scale thermally driven air-conditioning and refrigeration technology.
What follows is a short description of the main components used and the
simpliﬁcations which were assumed. Most of the models were already built
whilst some were updated to perform in a more realistic way.
3.2.1. Pumps
Pumps are modelled assuming a constant eﬃciency for all ranges of mass ﬂow
rate. Some of the pumps used are operated at a constant mass ﬂow rate whilst
others have a variable mass ﬂow rate.
3.2.2. Storage tanks
The model of the storage tanks used in the simulated system allows for a
stratiﬁed approach being possible to establish the number of layers. Each
layer is assumed to be at a uniform temperature and have convective heat
transfer with the environment. An average temperature of the ﬂuid inside the
tank is used in the control strategies that activate the pumps in the system.
3.2.3. Heat exchangers
The heat exchanger model assumes an overall constant heat transfer coeﬃcient
along all the heat transfer area. It consists of two pipes without a wall in
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between and for both ﬂuids geometry parameters, heat transfer area and cross
section may be chosen. Both pipe models include a simpliﬁed correlation for
the pressure losses, based on the pressure losses for nominal ﬂow rate given by
manufacturers speciﬁcation. Moreover, the heat capacity of the pipe tubes is
neglected and the ﬂow scheme can be cocurrent or counterﬂow depending on
the respective ﬂow directions of the ﬂuids entering the component.
3.2.4. Absorption Chiller
A linear characteristic equation model is used to describe the performance of
the Absorption Chiller that is used in the space cooling circuit.
3.2.5. Dry cooling tower
The dry cooling tower model used receives the temperature of the environment
as an input and can be controlled by varying the power of the fan. Fan speed is
therefore dependant on the supplied power. Through the characteristic curve
of the dry cooling tower the air ﬂow rate can be calculated and from this the
heat transfer coeﬃcient between the working ﬂuid and the environment. The
cooling capacities of the tower are therefore controlled by the speed of the fan
at each simulation step.
3.2.6. Solar Collector
The solar collector used in the simulations is a ﬂat-plate collector. The model
assumes that the eﬃciency vs. ∆T/IT can be expressed as a quadratic curve.
These collectors are characterized using the Hottel-Whillier-Bliss equation [7]:
Q˙U = A · FR · [IT · (τ · α)− UL · (T − Tenv)] (3.1)
From eq. 3.1 a general equation for the eﬃciency of the solar thermal collector
can be obtained:
η =
Q˙U
A · IT = FR · [(τ · α)− UL ·
(T − Tenv)
IT
] (3.2)
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As the overall heat loss coeﬃcient UL is not constant, linear dependency on
UL versus (T −Tenv) is assumed, giving the quadratic expression of the overall
collector eﬃciency:
η =
Q˙U
A · IT = FR · [(τ · α)− UL ·
(T − Tenv)
IT
− UL/T · (T − Tenv)
2
IT
] (3.3)
Eq. 3.3 is usually rewritten as:
η = η0 − k1 · (T − Tenv)
IT
− k2 · (T − Tenv)
2
IT
(3.4)
Where η0, k1 and k2 are parameteres which describe the collector eﬃciency and
are obtained through experimental evaluation. These parameters also depend
on which temperature T was considered when performing the quadratic ﬁt on
the experimental results [7]. In this case, the average temperature was used.
Finally we can write the energy balance 3.5 in the collector, adding the term
for heat capacity to account for transient behaviour. The heat capacity of the
collector is that of the whole collector and not just the working ﬂuid.
m˙ · cp · (Tout−Tin) +C · δT
δt
= A · [η0−k1 · (T − Tenv)
IT
−k2 · (T − Tenv)
2
IT
] (3.5)
Where:
T = Tave =
Tin + Tout
2
(3.6)
Pressure losses are also considered in the solar collector model by assuming
quadratic pressure losses with a constant pressure loss coeﬃcient. The original
solar collector model, which was used in previous works, was modiﬁed as it
presented some issues when no ﬂow circulated within the collector. A further
explanation on the changes made to the original model is found in Appendix
B.
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3.2.7. Other components
Other components which are used in the simulation include pipes, valves and
loads. All these present pressure drops which are proportional to the square of
the mass ﬂow rate. Piping system is assumed to have a constant heat transfer
coeﬃcient whilst the load component basically reads the load at each step from
an external ﬁle. The temperature at the outlet is therefore dependant on the
load and mass ﬂow rate. A simple compression chiller has also been modelled
for the reference system. This model is described through equation 3.7 where
the COP of the chiller depends on the diﬀerence between the temperature of
the environment and the temperature of the cold water returning from the
chilled ceilings.
COP = 3.62− 0.06 · (Tenv − TCW ) (3.7)
This equation is the same that describes the performance of the compression
chiller used as reference in the SolarCombi+ project. [12]
12
4. Model construction
Three main conﬁgurations have been designed to evaluate the performance of
a combined domestic hot water (DHW) and space heating and cooling system:
 A reference system consisting of a compression chiller for space cooling
and district heating to provide DHW and space heating
 A district heating powered system with an absorption chiller to produce
cold
 A solar thermal powered system that supplies heat to the space heating
and DHW circuits and to the absorption chiller in order to produce cold
These three conﬁgurations will be thoroughly described making special inci-
dence in the control strategies used and the parameters that describe each
component.
4.1. Flow diagrams
4.1.1. Reference system
In order to compare the performance of the district and solar heating con-
ﬁgurations and especially the use of an absorption chiller to produce cold, a
reference system has been simulated. Figure 4.1 depicts the model used as a
reference.
Cold production in the reference system is based on a compression chiller and
district heating is used for both space heating and domestic hot water supply.
The compression chiller is modelled through an equation which relates the
COP of the chiller and the returning water temperature, as it was explained
in the previous chapter. Cooling loads are supposed to be met always by the
compression chiller and the returning water temperature is set to 18ºC.
District heating provides hot water at a constant inlet temperature of 90ºC and
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Figure 4.1.: Reference system model
a pressure of PN16. According to Berlin's district heating supplier, Vattenfall,
pressure drop in direct connections can not be lower than 0.2 bar, therefore
the outlet pressure is set to 15.8 bar. [8] The space heating circuit has a re-
circulation pipe in order to reuse the water at the outlet of the load. This
is done to obtain a constant temperature of 40ºC at the inlet of the heating
load. The ﬁrst valve in the circuit closes when this temperature at the inlet is
over 40ºC and the three way valve has an internal PI controller which varies
the opening angle of both inlets so that the outlet temperature is close to the
desired aforementioned temperature. The pump has a variable mass ﬂow rate
which depends on the heating load at each instant of time and the temperature
at the inlet of the load. The system has been modelled so that the output tem-
perature of the load is maintained at 30ºC and thus a temperature diﬀerence
of ten degrees exists in the load. Equation 4.1 is used to obtain the mass ﬂow
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rate of the pump.
m˙ =
Q˙
cp · (T1− 213.15) (4.1)
The domestic hot water circuit behaves in the same way as the space heating
one with a diﬀerence in the desired temperatures. The temperature at the
inlet of the load is set to 65ºC and the desired output temperature is 55ºC.
Equation 4.2 controls the mass ﬂow rate in the pump.
m˙ =
Q˙
cp · (T2− 238.15) (4.2)
4.1.2. Distric heating system
The district heating system can be seen in ﬁgure 4.2. In this conﬁguration
the compression chiller is replaced by an absorption chiller driven by district
heating.
Both the space heating and domestic hot water circuits are exactly the same
as in the reference system. As for the cooling circuit, the absorption chiller,
as well as the pumps P_Gout, P_Eout and P_KT are turned on whenever
there is a demand for cold and the average temperature in the cold storage
tank is over 17ºC. If the mean temperature in the cold storage tank falls below
15.5ºC or there is no demand for cooling, the chiller and auxiliary pumps are
all turned oﬀ. In order to obtain a constant temperature at the outlet of the
evaporatot of the absorption chiller, the speed of the fan in the cooling tower
is controlled. A special controller determines, using the characteristic equation
of the chiller, the speed of the fan depending on the temperatures at all the
inlets and outlets of the chiller. The pump P_Room is controlled in the same
way as the pumps in the space heating and domestic hot water circuits but in
this case the desired temperature at the outlet of the load is set to 18ºC.
m˙ =
Q˙
cp · (291.15− T3) (4.3)
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Figure 4.2.: District heating system model
4.1.3. Solar heating system
The solar heating system is very similar to the district heating system except
that hot water is supplied mainly by a solar collector ﬁeld instead of water
coming from district heating. As it can be seen in ﬁgure 4.3, the space heating,
domestic hot water and space cooling circuits are the same as in the previous
systems.
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Figure 4.3.: Solar heating system model
Two separate circuits conform the solar hot water supply. The ﬁrst circuit is
composed of the solar collector ﬁeld, a pump which drives the working ﬂuid and
a heat exchanger. This heat exchanger is used to transfer the heat obtained
from the sun to the main hot water circuit. The pump in the solar collector
circuit has a variable mass ﬂow rate which depends on the solar radiation.
This control strategy is not optimal but was used in the SolarCombi+ project
in order to avoid convergence problems and has been therefore used in this
project. Equation 4.4 is used to determine the mass ﬂow rate of pump P_SK.
m˙ =
m˙max
Imax
· IT (4.4)
This pump, as well as the pump P_ST are not turned on unless the average
temperature in the hot storage tank falls below 65ºC and are turned oﬀ when
it rises above 80ºC. In order to supply water at a temperature of 65ºC or more,
a backup system is installed. This backup system consists of a pump and a
heat exchanger connected to the district heating supply system. When the
temperature at the entrance of the heat exchanger is under 65ºC the pump,
which has a constant mass ﬂow rate, is turned on. A valve is used to recirculate
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the district hot water supply in order to reuse excess heat. Whenever the
temperature at the inlet of the heat exchanger rises over 70ºC, the pump
P_SB is turned oﬀ and the backup system is no longer operative.
4.2. Components and parameters
Each component in the diﬀerent conﬁgurations is modelled to perform in the
same way its physical homologue would. It is therefore important that the pa-
rameters that describe its behaviour are based on real values and each compo-
nent corresponds to a real comercially available one. The following subsections
deﬁne them.
4.2.1. Space heating circuit
Figure 4.4.: Space heating circuit
Figure 4.4 depicts the space heating circuit which is equivalent in either the
reference, district heating and solar heating systems. The working ﬂuid that
circulates through the components is water and, as stated, the pump that
drives the circuit has an eﬃciency of 20%.
Table 4.1.: Parameters - Heating pump P_H
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
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The valve V_H is used to mantain the circuit closed when the temperature at
the entrance of the load is over 40ºC. This valve, in conjunction with the three
way valve 3WV_H, make it possible to recirculate the incoming hot water in
order to stabilise the temperature at the inlet of the load at 40ºC. Whenever
the temperature at the inlet of the load falls under 30ºC the valve opens again.
Table 4.2.: Parameters - Valve V_H
Parameter Value Unit
Working ﬂuid Water -
Kv 0.13 kg/s · Pa
Kv_small_rel 1e-4 -
The three way valve is used to recirculate the water that ﬂows through the
load. The internal PI controller regulates the ﬂow that enters both inlets so
that the outlet temperature is close to the desired temperature. This desired
temperature is set to 40ºC.
Heating is supplied to the house with the help of radiant ﬂoors. The load
component fo the heating circuit therefore models the behaviour of these by
reading the heat load from an external textﬁle and calculating the resulting
temperature at the outlet. This load proﬁle was obtained from the working
package 2 of the PolySMART Project [2]. The nominal pressure losses account
for the longest of the parallel circuits that conform the radiant ﬂoor installa-
tion. These values were estimated from a real installation as there was no
data available (see Appendix A). The temperature at the outlet of the load
component will depend on the load and the mass ﬂow rate of water, which is
controlled by the pump controller, as stated before, in order to obtain a stable
30ºC.
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Table 4.3.: Parameters - 3WV_H
Parameter Value Unit
Working ﬂuid Water -
Speed of drive 0.04 mm/s
Minimum valve position 0 mm
Minimal control signal 0 V
Maximum valve position 7.5 mm
Maximal control signal 10 V
Control temperature 40 ºC
KR value of PI control -2.5 -
TN value of PI control 12.5 -
Kv 3.5 m3/h
Nominal pressure (Inlet A) 101235 Pa
Nominal pressure loss (Inlet A) 2000 Pa
Nominal mass ﬂow rate (Inlet A) 0.139 kg/s
Nominal pressure (Inlet B) 101235 Pa
Nominal pressure loss (Inlet B) 2000 Pa
Nominal mass ﬂow rate (Inlet B) 0.139 kg/s
Table 4.4.: Parameters - Heating Load
Parameter Value Unit
Working ﬂuid Water -
Load proﬁle external textﬁle -
Volume 0.144 m3
Minimal outlet temperatue 21 ºC
Nominal pressure losses 20000 Pa
Nominal mass ﬂow rate 0.12 kg/s
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4.2.2. Domestic Hot Water circuit
Figure 4.5.: Domestic hot water circuit
The domestic heat water (DHW) circuit depicted in ﬁgure 4.5 is the same for
either the reference, district and solar heating conﬁgurations. The working
ﬂuid that is circulated is water and the pump driving it has an eﬃciency of
20%.
Table 4.5.: Parameters - DHW pump P_DHW
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
The valve V_DHW closes whenever the temperature at the inlet of the load
is over 65ºC and opens when it is below 60ºC.
Table 4.6.: Parameters - Valve V_DHW
Parameter Value Unit
Working ﬂuid Water -
Kv 0.13 kg/s · Pa
Kv_small_rel 1e-4 -
A three way valve is used in the same way as in the heating circuit to recircu-
late the water that exits the load circuit but is still hot enough. The internal PI
controller regulates the ﬂow that enters both inlets so that the outlet temper-
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ature is close to the desired temperature. In this case the desired temperature
at the inlet of the load is set to 65ºC.
Table 4.7.: Parameters - 3WV_DHW
Parameter Value Unit
Working ﬂuid Water -
Speed of drive 0.04 mm/s
Minimum valve position 0 mm
Minimal control signal 0 V
Maximum valve position 7.5 mm
Maximal control signal 10 V
Control temperature 65 ºC
KR value of PI control -6 -
TN value of PI control 10 -
Kv 3.5 m3/h
Nominal pressure (Inlet A) 101235 Pa
Nominal pressure loss (Inlet A) 2000 Pa
Nominal mass ﬂow rate (Inlet A) 0.139 kg/s
Nominal pressure (Inlet B) 101235 Pa
Nominal pressure loss (Inlet B) 2000 Pa
Nominal mass ﬂow rate (Inlet B) 0.139 kg/s
In order to obtain domestic hot water a heat exchanger is used. This heat ex-
changer is modelled through the load component and would heat water coming
from the regular domestic water supplier. The load proﬁle is read from an ex-
ternal textﬁle and was generated using DHWcalc [9]. In order to model the
pressure losses at the DHW load component, a heat exchanger that would suit
the thermal requirements was dimensioned (see Appendix A).
4.2.3. Space cooling circuit
The space cooling circuit shown in ﬁgure 4.6 distributes the cold generated in
the absorption chiller. Both the district heating and the solar heating conﬁg-
urations present this circuit which is composed of two pumps, a cold storage
tank and the load component. The ﬁrst pump, P_Eout, circulates the cooled
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Table 4.8.: Parameters - DHW Load
Parameter Value Unit
Working ﬂuid Water -
Load proﬁle external textﬁle -
Volume 17e-5 m3
Minimal outlet temperatue 21 ºC
Nominal pressure losses 2500 Pa
Nominal mass ﬂow rate 0.13 kg/s
Figure 4.6.: Space cooling circuit
water in order to mantain the cold storage tank at an average temperature
below 17ºC. This pump has an eﬃciency of 20% and a constant mass ﬂow rate
of 0.81kg/s when switched on.
The other pump, P_Room, has a variable mass ﬂow rate which depends on
the load and inlet temperature and a constant eﬃciency of 20%.
The cold storage tank model divides the ﬂuid in ﬁve layers, each with a uniform
temperature and convective heat transfer with the environment. The tank is
isolated with soft foam, which has a thermal conductivity of 0.037 W/m ·K.
Cooling is done through chilled ceilings which were modelled using the load
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Table 4.9.: Parameters - Pump P_Eout
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
Mass ﬂow rate (ON) 0.81 kg/s
Table 4.10.: Parameters - Pump P_Room
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
Table 4.11.: Parameters - Cold storage tank
Parameter Value Unit
Medium Water -
Layers 5 -
Height 1.8 m
Diameter 0.8 m
Isolation Soft foam -
Isolation thickness 100 mm
Heat transfer coeﬃcient 0.415 W/m2 ·K
Ambient temperature 21 ºC
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component. The load proﬁle, which was obtained from the working package
2 of the PolySMART Project [2], is read from an external textﬁle. Pressure
losses are those of one of the twelve cooling coils which would be necessary to
meet the given loads (see Appendix A).
Table 4.12.: Parameters - Cooling Load
Parameter Value Unit
Working ﬂuid Water -
Load proﬁle external textﬁle -
Volume 0.033 m3
Minimal outlet temperatue 21 ºC
Nominal pressure losses 2440 Pa
Nominal mass ﬂow rate 0.02 kg/s
4.2.4. Absorption chiller
The Absorption chiller used in the simulations is a model of an existing one
stage chiller of the company Sonnenklima. The corresponding characteristic
equation was determined by Annett Kühn and the other parameters stem from
the real absorption chiller.
4.2.5. Cooling tower circuit
The cooling tower circuit (ﬁg. 4.6) is used to cool the ﬂuid coming out of the
Absorber/Condenser of the Absorption chiller. This working ﬂuid is a mixture
of 37% Ethylenglycol and Water. The pump driving the working ﬂuid has a
constant mass ﬂow rate of 0.72 kg/s and a constant eﬃciency of 45%. The
reason to use a high eﬃciency pump for this circuit is that this circuit has very
high pressure losses and therefore the pump will consume much more power
than all the other pumps in the diﬀerent conﬁgurations.
The values for the dry cooling tower come from the datasheet available from
manufacturer Güntner [9].
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Table 4.13.: Parameters - Absorption Chiller
Parameter Value Unit
Working ﬂuid (Generator) Water -
Nominal pressure loss 20000 Pa
Nominal mass ﬂow rate 0.33 kg/s
Working ﬂuid (Absorber) 37% Ethylenglycol and Water -
Nominal pressure loss 32000 Pa
Nominal mass ﬂow rate 0.72 kg/s
Working ﬂuid (Evaporator) 37% Ethylenglycol and Water -
Nominal pressure loss 35000 Pa
Nominal mass ﬂow rate 0.81 kg/s
Power consumption 130 W
Table 4.14.: Parameters - Pump P_KT
Parameter Value Unit
Working ﬂuid 37% Ethylenglycol and Water -
Electrical eﬃciency 0.2 -
Mass ﬂow rate (ON) 0.72 kg/s
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Table 4.15.: Parameters - Cooling tower
Parameter Value Unit
Medium 1 Air -
Air volume 9300 m3
Air pressure losses 1000 Pa
Maximal air ﬂow rate 9300 m3/h
Medium 2 37% Ethylenglycol and Water -
Flow rate in the conduction 0.0235 m3/h
Nominal pressure losses (2) 70000 Pa
Nominal mass ﬂow rate (2) 0.72 kg/s
Spatial segmentation 5 -
Heat transfer area 156.8 m3
Heat transfer coeﬃcient 34.97 W/m2 ·K
Maximal fan rpm 870 min−1
Maximum power consumption 700 W
Idle power consumption 30 W
Wall thickness 0.01 m
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Figure 4.7.: Solar heating circuit
4.2.6. Solar heating circuit
The solar heating circuit depicted in ﬁgure 4.7 uses water as a working ﬂuid.
This circuit supplies the hot water that is obtained either from the solar col-
lector or, when necessary, a backup system. This hot water is then used in the
domestic hot water and space heating and cooling circuits. The pump P_ST,
which is used to circulate water from the heat exchanger to the tank, has a
constant mass ﬂow rate of 0.8 kg/s when on and a constant eﬃciency of 20%.
The pump used in the backup system, P_SB, has also got a constant eﬃciency
of 20% and a mass ﬂow rate of 0.33 kg/s when turned on.
Table 4.16.: Parameters - Pump P_ST
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
Mass ﬂow rate (ON) 0.8 kg/s
The pump P_Gout, which circulates the hot water through the generator in
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Table 4.17.: Parameters - Pump P_SB
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
Mass ﬂow rate (ON) 0.33 kg/s
the absorption chiller when this is working, has also got a constant eﬃciency
of 20%. The constant mass ﬂow rate of 0.33kg/s when on is set so by the
requirements of the Sonnenklima absorption chiller. The valve V_Gin opens
whenever the absorption chiller is on.
Table 4.18.: Parameters - Pump P_Gout
Parameter Value Unit
Working ﬂuid Water -
Electrical eﬃciency 0.2 -
Mass ﬂow rate (ON) 0.33 kg/s
Table 4.19.: Parameters - Valve V_Gin
Parameter Value Unit
Working ﬂuid Water -
Kv 0.13 kg/s · Pa
Kv_small_rel 1e-4 -
The values of the parameters that describe the heat exchanger used as a backup
system were obtained from a real heat exchanger manufactured by GEA-PHE
and correspond to the model FG5X12-8 (3/4" MPT) (see Appendix C).
The hot storage tank model divides the ﬂuid in ﬁve layers, each with a uniform
temperature and convective heat transfer with the environment. The tank is
isolated with soft foam, which has a thermal conductivity of 0.037 W/m ·K.
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Table 4.20.: Parameters - Backup Heat Exchanger
Parameter Value Unit
Spatial segmentation 5 -
Heat transfer area 0.2 m2
Heat transfer coeﬃcient 6024 W/m2 ·K
Flow path length for both ﬂuids 1.12 m
Working ﬂuid 1 (Solar heating side) Water -
Cross section of pipe 0.000303 m2
Flow channel perimeter 0.0617 m
Absolute roughness 2.5e-5 m
Nominal dynamic viscosity 0.0005128 Pa · s
Nominal pressure loss 6700 Pa
Nominal mass ﬂow rate 0.15 kg/s
Working ﬂuid 2 (District heating side) Water -
Cross section of pipe 0.000303 m2
Flow channel perimeter 0.0617 m
Absolute roughness 2.5e-5 m
Nominal dynamic viscosity 0.000338 Pa · s
Nominal pressure loss 49300 Pa
Nominal mass ﬂow rate 0.33 kg/s
Table 4.21.: Parameters - Hot Storage Tank
Parameter Value Unit
Medium Water -
Layers 5 -
Height 1.8 m
Diameter 0.8 m
Isolation Soft foam -
Isolation thickness 100 mm
Heat transfer coeﬃcient 0.415 W/m2 ·K
Ambient temperature 21 ºC
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4.2.7. Solar collector circuit
As it can be seen in ﬁgure 4.7 the solar collector circuit is basically composed
of the collector ﬁeld, a pump and a heat exchanger. The working ﬂuid used in
this circuit is a mixture of 37% Ethylenglycol and water and the driving pump
P_SK has a constant eﬃciency of 20%.
Table 4.22.: Parameters - Pump P_SK
Parameter Value Unit
Working ﬂuid 37% Ethylenglycol and Water -
Electrical eﬃciency 0.2 -
The values of the parameters that describe the heat exchanger used as a backup
system were obtained from a real heat exchanger manufactured by GEA-PHE
and correspond to the model FG5X12-14 (3/4" MPT) (see Appendix C).
The solar collector ﬁeld is composed of a certain number of collectors in par-
allel. The parameters used correspond to the model COBRA X manufactured
by SOLTOP Schuppisser AG and the collectors are positioned facing south
and tilted at 45º. The heat capacitance of the solar collector doesn't include
the working ﬂuid and is calculated according to section 6.1.6.2 of the norm
EN12975-2.
4.2.8. Piping system
The length of the whole distribution system for each circuit in the reference
and district heating conﬁguration is shown in table 4.25. The solar heating
conﬁguration has a more complex piping system and thus some circuits have
a slightly diﬀerent length of piping as it can be seen in table 4.26. Insulation
of pipes has been realized according to the German Energy Savings Ordinance
(EnEV).
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Table 4.23.: Parameters - Solar circuit Heat Exchanger
Parameter Value Unit
Spatial segmentation 5 -
Heat transfer area 0.4 m2
Heat transfer coeﬃcient 6402 W/m2 ·K
Flow path length for both ﬂuids 1.97 m
Working ﬂuid 1 (Load side) Water -
Cross section of pipe 0.00036 m2
Flow channel perimeter 0.0617 m
Absolute roughness 2.5e-5 m
Nominal dynamic viscosity 0.0005186 Pa · s
Nominal pressure loss 55300 Pa
Nominal mass ﬂow rate 0.8 kg/s
Working ﬂuid 2 (Collector side) 37% Ethylenglycol and Water -
Cross section of pipe 0.00036 m2
Flow channel perimeter 0.0617 m
Absolute roughness 2.5e-5 m
Nominal dynamic viscosity 0.00099 Pa · s
Nominal pressure loss 44000 Pa
Nominal mass ﬂow rate 0.6 kg/s
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Table 4.24.: Parameters - Solar Collector
Parameter Value Unit
Working ﬂuid 37% Ethylenglycol and Water -
Volume in one collector
Area of one collector
Nominal pressure loss 10000 Pa
Nominal mass ﬂow rate 0.025 kg/s
Tilt 45 º
Azimut 0 º
Total collector ﬁeld area 50 m2
Optical collector eﬃciency 0.823 -
1st-order eﬃciency coeﬃcient 3.02 kW/m2 ·K
2nd-order eﬃciency coeﬃcient 0.0125 kW/m2 ·K2
Heat capacitance 7200 J/K
Latitude (depends on location) º
Longitude (depends on location) º
Ground reﬂection (depends on location) -
Time diﬀerence (GMT=0) (depends on location) h
Table 4.25.: Parameters - Piping system of the reference and district heating
conﬁgurations
Circuit Length Diameter Heat transfer coeﬃcient
Space heating 13.95 m 20 mm 5.03 W/m2K
DHW 5.23 m 20 mm 5.03 W/m2K
Space cooling 16.50 m 32 mm 5.03 W/m2K
Cooling tower 20.00 m 25 mm 5.03 W/m2K
Table 4.26.: Parameters - Piping system of the solar heating conﬁguration
Circuit Length Diameter Heat transfer coeﬃcient
Space heating 18.95 m 20 mm 5.03 W/m2K
DHW 10.23 m 20 mm 5.03 W/m2K
Space cooling 18.00 m 32 mm 5.03 W/m2K
Cooling tower 20.00 m 25 mm 5.03 W/m2K
Solar heating 17.50 m 20 mm 5.03 W/m2K
Solar collector 40.00 m 25 mm 3.53 W/m2K
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5. Simulation
5.1. Simulation boundaries
The previously described conﬁgurations were simulated in two diﬀerent loca-
tions with diﬀerentiated load proﬁles and solar radiation intensity throughout
the year, the cities of Berlin and Madrid. These two locations demand for
cooling in summer and heating in winter, as well as domestic hot water during
the whole year. This makes them ideal to compare how the diﬀerent systems
perform with diﬀerent loads but also with diﬀerent solar radiation.
As simulating a whole year would take lots of time, it was decided to simulate
a week in the middle of winter and a week in the middle of summer. These
weeks do not need to be the ones where demand for heating or cooling is the
highest as that would depend each year in each location, but are enough to
evaluate the performance of the systems and compare them.
Therefore, simulations were carried out from the 29th day of the year at 0:00h
until the 36th day of the year at 23:59h (January 29th - February 5th) and
from the 240th day of the year at 0:00h until the 247th day of the year at
23:59h (August 28th - September 4th).
5.2. Load ﬁles and weather data
No building model was used and thus demand for heating, cooling and domestic
hot water was previously calculated in separate simulations and afterwards
applied to the system simulations. The load proﬁles for both Berlin and Madrid
used in this project are the same that were used in the simulations carried
out in Christian Kruschinke's work [9]. The heat and cold load proﬁles for
both Berlin and Madrid were obtained from the working package 2 of the
PolySMART project whilst the domestic hot water load proﬁle was generated
using the DHWcalc software. As forementioned, this load data is read by the
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load components from a separate textﬁle.
Weather data in Berlin and Madrid was statistically generated with Mete-
ornorm [9] and is read from an external textﬁle by the PolySMART weather
component. Values for the latitude and longitude as well as maximum demands
for each location are shown in the following tables.
Table 5.1.: Location-speciﬁc parameters for Berlin
Parameter Value
Latitude 52.27º
Longitude 13.18º
Maximum heating load 10.1kW
Maximum cooling load 3.7kW
Maximum DHW load 7.5kW
Table 5.2.: Location-speciﬁc parameters for Madrid
Parameter Value
Latitude 40.25º
Longitude 3.41º
Maximum heating load 4.3kW
Maximum cooling load 4.9kW
Maximum DHW load 7.1kW
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5.3. Performance ﬁgures
The following section decribes the performance ﬁgures which will be used in
the analysis. In order to calculate the primary energy consumption of the
diﬀerent systems the conversion factors shown in table 5.3 were used:
Table 5.3.: Primary energy conversion factors
Berlin Madrid
Cconv,heat
1
0.56
1
0.56
Cconv,elec
1
2.7
1
2.7
5.3.1. Reference system
The reference system is the basis of the analysis and the other two conﬁgura-
tions will be compared to it. Therefore the ﬁgures which will be outputed from
the simulation show primarily the consumption and eﬃciency of the reference
conﬁguration.
Energy consumption
Q˙heat,H = m˙H · cpwater ·∆T (5.1)
Q˙heat,DHW = m˙DHW · cpwater ·∆T (5.2)
Eelec,total = Eelec,CC + Eelec,H + Eelec,DHW (5.3)
Primary energy
PEheat,H =
Q˙heat,H
Cconv,heat
(5.4)
PEheat,DHW =
Q˙heat,DHW
Cconv,heat
(5.5)
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PEelec =
Eelec,total
Cconv,elec
(5.6)
PEref = PEheat,H + PEheat,DHW + PEelec (5.7)
PERref =
DemandCooling +DemandHeating +DemandDHW
PEref
(5.8)
Energy eﬃciency
COPCC =
DemandCooling
Eelec,CC
(5.9)
COPH =
DemandHeating
Q˙heat,H
(5.10)
COPDHW =
DemandDHW
Q˙heat,DHW
(5.11)
COPth,total =
DemandHeating +DemandDHW
Q˙heat,DHW + Q˙heat,H
(5.12)
5.3.2. District and Solar heating systems
The following performance ﬁgures apply for both the system supplied with
district heating and the conﬁguration with the solar collectors.
Energy consumption
Q˙heat,H+DHW = m˙ · cpwater ·∆T (5.13)
Q˙heat,AC = m˙AC · cpwater ·∆T (5.14)
Eelec,total = Eelec,AC + Eelec,PRoom + Eelec,PH + Eelec,PDHW (5.15)
Primary energy
PEheat =
Q˙heat,H+DHW + Q˙heat,AC
Cconv,heat
(5.16)
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PEelec =
Eelec,total
Cconv,elec
(5.17)
PEtotal = PEheat + PEelec (5.18)
PEsave = PEref − PEtotal (5.19)
PER =
DemandCooling +DemandHeating +DemandDHW
PEtotal
(5.20)
Energy eﬃciency
COPth,AC =
QE
QG
(5.21)
COPth,coolingplant =
DemandCooling
QG
(5.22)
COPelec,AC =
QE
Eelec,AC
(5.23)
COPelec,coolingplant =
DemandCooling
Eelec,AC + Eelec,PRoom
(5.24)
COPth,total =
DemandCooling +DemandHeating +DemandDHW
Q˙heat,H+DHW + Q˙heat,AC
(5.25)
Some performance ﬁgures are deﬁned diﬀerently in the solar heating conﬁgu-
ration:
Eelec,total = Eelec,AC+Eelec,PRoom+Eelec,PH+Eelec,PDHW+Eelec,PSK+Eelec,PST+Eelec,PSB
(5.26)
PEheat =
Qbackup
Cconv,heat
(5.27)
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COPth,total =
DemandCooling +DemandHeating +DemandDHW
Qsolar +Qbackup
(5.28)
And some additional ones were considered:
SF =
Qsolar
Qsolar +Qbackup
(5.29)
qcollectors =
Qcollectors
Acollectors
(5.30)
ηcollectors =
Qcollectors
Qsun
(5.31)
5.4. Variations on the initial conﬁguration
When setting the parameters that conﬁgure the solar heating system, one
can not be sure that the initial assumption will provide the optimal results.
Investing in a larger collector surface could be worth the money if the energetic
savings of the system turn out to be higher.
In the SolarCombi+ virtual case study [12] several variations on the initial
case study were considered in order to evaluate which conﬁguration results the
best. These variations included using fan coils or chilled ceilings to distribute
cold, ﬂat plate or evacuated tube collectors, wet or hybrid cooling towers and
several collector and storage sizes.
The initial model assumed a collector area of 50m2 and a hot storage tank of
0.9m3. Simulations were carried out with collector surfaces of 25m2 and 75m2
and a hot storage of 1.8m3. Thus, results from six diﬀerent simulations were
obtained.
Due to the complexity of the simulated models and the resulting simulation
times, only variations on the collector and hot storage sizes were considered.
Furthermore, the variations were only carried out for the simulation in Berlin
during the summer week.
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5.5. Results
The following tables show the results obtained after performing the diﬀerent
simulations. The basic simulations are separated by location and season so each
table shows the values for the reference, district heating and solar heating in
either Berlin or Madrid and for either the summer or winter week. The results
for the diﬀerent variations are grouped together in two tables depending on
the hot storage size.
Table 5.4.: Values of the performance ﬁgures for the reference, district heating
and solar heating conﬁgurations in Berlin/Summer
Parameter Reference District Heating Solar Heating Units
Demand
DemandCooling 136,343 kWh
DemandHeating 0,000 kWh
DemandDHW 38,518 kWh
Energy consumption
Qheat,H 0,000 0,000 - kWh
Qheat,DHW 46,744 45,826 - kWh
Qheat,H+DHW 46,744 45,826 45,290 kWh
Qheat,AC - 205,435 205,643 kWh
Qheat,total 46,744 251,261 250,933 kWh
Eelec,total 40,494 15,001 44,968 kWh
Primary Energy
PEheat 26,177 140,706 78,039 kWh
PEelec 109,332 40,503 121,414 kWh
PEtotal 135,509 181,209 199,453 kWh
PEsave - -45,700 -63,944 kWh
PER 1,290 0,965 -
Energy eﬃciency
COPth,AC - 0,708 0,713 -
COPth,coolingplant - 0,664 0,663 -
COPelec,AC - 9,723 7,272 -
COPelec,coolingplant 3,367 9,090 6,748 -
COPth,total 0,824 0,841 0,722 -
Solar ﬁgures
SF - - 0,547 -
qcollectors - - 4,538
kWh
m2
ηcollectors - - 0,904 -
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Table 5.5.: Values of the performance ﬁgures for the reference, district heating
and solar heating conﬁgurations in Berlin/Winter
Parameter Reference District Heating Solar Heating Units
Demand
DemandCooling 1,530 kWh
DemandHeating 120,153 kWh
DemandDHW 56,674 kWh
Energy consumption
Qheat,H 136,395 135,883 - kWh
Qheat,DHW 62,657 64,145 - kWh
Qheat,H+DHW 199,052 200,028 197,084 kWh
Qheat,AC - 20,322 18,336 kWh
Qheat,total 199,052 220,350 215,420 kWh
Eelec,total 0,405 5,465 37,854 kWh
Primary Energy
PEheat 111,469 123,396 114,143 kWh
PEelec 1,094 14,756 102,206 kWh
PEtotal 112,563 138,152 216,349 kWh
PEsave - -25,589 -103,786 kWh
PER 1,585 1,291 0,824 -
Energy eﬃciency
COPth,AC - 0,390 0,447 -
COPth,coolingplant - 0,075 0,083 -
COPelec,AC - 1,459 1,467 -
COPelec,coolingplant 4,058 0,281 0,274 -
COPth,total 0,888 0,809 0,757 -
Solar ﬁgures
SF - - 0,229 -
qcollectors - - 2,003
kWh
m2
ηcollectors - - 0,147 -
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Table 5.6.: Values of the performance ﬁgures for the reference, district heating
and solar heating conﬁgurations in Madrid/Summer
Parameter Reference District Heating Solar Heating Units
Demand
DemandCooling 262,487 kWh
DemandHeating 0,000 kWh
DemandDHW 25,669 kWh
Energy consumption
Qheat,H 0,000 0,000 - kWh
Qheat,DHW 31,919 32,879 - kWh
Qheat,H+DHW 31,919 32,879 31,100 kWh
Qheat,AC - 373,261 375,100 kWh
Qheat,total 31,919 406,140 406,200 kWh
Eelec,total 86,428 30,187 73,910 kWh
Primary Energy
PEheat 17,875 227,438 86,980 kWh
PEelec 244,591 85,429 209,165 kWh
PEtotal 262,466 312,868 296,146 kWh
PEsave - -50,402 -33,680 kWh
PER 1,098 0,921 0,973 -
Energy eﬃciency
COPth,AC - 0,729 0,717 -
COPth,coolingplant - 0,703 0,688 -
COPelec,AC - 9,046 5,328 -
COPelec,coolingplant 3,037 8,696 5,106 -
COPth,total 0,804 0,781 0,786 -
Solar ﬁgures
SF - - 0,504 -
qcollectors - - 5,952
kWh
m2
ηcollectors - - 0,153 -
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Table 5.7.: Values of the performance ﬁgures for the reference, district heating
and solar heating conﬁgurations in Madrid/Winter
Parameter Reference District Heating Solar Heating Units
Demand
DemandCooling 13,905 kWh
DemandHeating 0,000 kWh
DemandDHW 54,281 kWh
Energy consumption
Qheat,H 0,000 0,000 - kWh
Qheat,DHW 61,068 62,158 - kWh
Qheat,H+DHW 61,068 62,158 64,845 kWh
Qheat,AC - 38,631 29,025 kWh
Qheat,total 61,068 100,789 93,870 kWh
Eelec,total 3,402 6,311 29,839 kWh
Primary Energy
PEheat 34,198 56,442 33,159 kWh
PEelec 9,628 17,860 84,444 kWh
PEtotal 43,826 74,302 117,603 kWh
PEsave - -30,476 -73,777 kWh
PER 1,556 0,918 0,580 -
Energy eﬃciency
COPth,AC - 0,550 0,576 -
COPth,coolingplant - 0,360 0,372 -
COPelec,AC - 3,370 3,251 -
COPelec,coolingplant 4,090 2,203 2,100 -
COPth,total 0,889 0,873 0,475 -
Solar ﬁgures
SF - - 0,603 -
qcollectors - - 3,072
kWh
m2
ηcollectors - - 0,147 -
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Table 5.8.: Values of the performance ﬁgures for the simulations with a hot
storage tank of 0.9m3
Collector surface
Parameter 25m2 50m2 75m2 Units
Demand
DemandCooling 136,343 kWh
DemandHeating 0,000 kWh
DemandDHW 38,518 kWh
Energy consumption
Qheat,H+DHW 42,916 45,290 57,320 kWh
Qheat,AC 205,971 205,643 205,701 kWh
Qheat,total 248,887 250,933 263,021 kWh
Eelec,total 55,882 44,968 41,488 kWh
Primary Energy
PEheat 65,388 78,039 84,826 kWh
PEelec 150,881 121,414 112,018 kWh
PEtotal 216,270 199,453 196,844 kWh
PEsave -80,761 -63,944 -61,335 kWh
PER 0,809 0,877 0,888 -
Energy eﬃciency
COPth,AC 0,713 0,713 0,713 -
COPth,coolingplant 0,662 0,663 0,663 -
COPelec,AC 7,150 7,272 7,277 -
COPelec,coolingplant 6,626 6,748 6,750 -
COPth,total 0,705 0,722 0,761 -
Solar ﬁgures
SF 0,531 0,547 0,424 -
qcollectors 9,243 4,538 2,919
kWh
m2
ηcollectors 0,314 0,154 0,099 -
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Table 5.9.: Values of the performance ﬁgures for the simulations with a hot
storage tank of 1.8m3
Collector surface
Parameter 25m2 50m2 75m2 Units
Demand
DemandCooling 0,000 kWh
DemandHeating 0,000 kWh
DemandDHW 0,000 kWh
Energy consumption
Qheat,H+DHW 39,087 45,300 48,630 kWh
Qheat,AC 205,870 205,384 205,495 kWh
Qheat,total 244,957 250,684 254,125 kWh
Eelec,total 57,609 43,020 37,900 kWh
Primary Energy
PEheat 72,321 80,080 73,892 kWh
PEelec 155,544 116,154 102,330 kWh
PEtotal 227,866 196,234 176,222 kWh
PEsave -92,356 -60,725 -40,713 kWh
PER 0,767 0,891 0,992 -
Energy eﬃciency
COPth,AC 0,713 0,713 0,713 -
COPth,coolingplant 0,662 0,664 0,663 -
COPelec,AC 6,940 7,280 7,359 -
COPelec,coolingplant 6,424 6,760 6,830 -
COPth,total 0,588 0,624 0,633 -
Solar ﬁgures
SF 0,473 0,430 0,481 -
qcollectors 10,230 4,990 3,577
kWh
m2
ηcollectors 0,347 0,169 0,121 -
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6. Analysis of the results
At a ﬁrst glance, the results of both simulated conﬁgurations show that there
are no primary energy savings, which means they consume more energy than
the reference system. Moreover, as it can be seen in ﬁgure 6.1, the solar heating
system has less savings than the district heating system.
Figure 6.1.: Primary energy savings for the District Heating and Solar Heating
systems
These results are not what one would expect and a deeper analysis has to be
conducted. When primary energy savings are split in those resulting from heat
consumption savings and those resulting from electricity consumption savings
it can be understood where the excess energetic consumption is found.
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6.1. Heat consumption
Looking at the energy savings in the form of heat shown in ﬁgure 6.2 it can
be seen that in winter, when the compression chiller of the reference system
is practically not used because there is none or low demand for cooling, these
are zero or very close to zero. As the heating and domestic hot water circuits
are the same in both the reference and the district and solar heating systems,
the energy consumption is very similar.
Figure 6.2.: Primary energy savings in terms of heat for the District Heating
and Solar Heating systems
Was there no cooling demand at all, the heat consumption in winter would
be the same. However, in the simulated week there is some very low demand
of cooling in Berlin and in Madrid which switches on the absorption chiller
resulting in a higher heat consumption as it can be seen in ﬁgure 6.3.
In summer, as ﬁgure 6.4 shows, heat consumption is much higher because the
absorption chiller is on. In order for the district heating conﬁguration to spare
energy in summer, this increment in the heat used by the absorption chiller
should be compensated with a reduction on the electrical consumption of the
cooling plant. However, as it will be seen further on, these electrical savings
are not big enough.
As for the solar system, one would expect a reduction in the external heat
consumed in winter as there is very little diﬀerence in the heat that is used to
drive the system (in Berlin the absorption chiller increments it by only 4.6%).
However, as it is seen in ﬁgure 6.2 there are no primary energy savings in the
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Figure 6.3.: Heat consumption in winter for each circuit in the reference and
district heating system
Figure 6.4.: Heat consumption in winter for each circuit in the reference and
district heating system
form of heat in Berlin and just very slight savings in Madrid (just over 1kWh
in the simulated week, or around 3%). This is due to the fact that the solar
heating conﬁguration has a more complex piping system that increases the
heat losses in the system.
Figure 6.5 depicts the total heat losses in the reference, district heating and
solar heating conﬁgurations (not including heat losses in the space cooling
circuit nor in the solar collectors circuit). Looking only at the reference system
it can be seen that in Madrid heat losses are lower than in Berlin because of the
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Figure 6.5.: Heat losses in the piping system (including heat losses in the hot
storage tank) for each simulation
lower heating and DHW demand. The district heating system has higher heat
losses than the reference system because of the pipes feeding the absorption
chiller on the generator side, which, as it was aforementioned, is turned on in
all four simulations.
In the solar heating conﬁguration heat losses are much higher and as ﬁgure 6.6
shows, the main contributors to this increase are the hot storage tank and the
additional piping in the solar heating circuit.
The low solar radiation in Berlin in winter is not enough to satisfy these extra
heat losses and thus the external heat consumption is slightly higher than that
of the reference system. In the other hand, as Madrid has a much higher solar
incidence than Berlin, the useful energy which can be seized from the sun is
higher than the additional heat losses but very little energy can be saved.
In summer the solar incidence is much higher but there is also more heat
consumption as the absorption chiller is on. As it was seen in ﬁgure 6.2 the
solar input allows for a reduction on the external heat used but this is still
higher than that of the reference system. Looking at the solar fraction (ﬁg.
6.7) for the four diﬀerent simulations it can be appreciated that in Berlin the
system in summer is able to satisfy more than half of the demand with the heat
available from the sun whilst in winter, as the demand for heating increases
and the solar radiation falls, only about 20% of the heat used comes from the
sun. In Madrid the solar fraction is similar in both weeks simulated but it is
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Figure 6.6.: Contribution of each circuit/component to the overall heat losses
in the solar heating conﬁguration
higher in winter because, due to the mild temperatures in the region, there is
no necessity for space heating and thus the whole demand is lower.
Figure 6.7.: Solar fraction in each simulation
It is strange however that in winter, when solar energy is used only for space
heating and domestic hot water, there are practically no energetic savings
in the form of heat when the system is seizing free energy from the sun. The
reason this is so is that, for the assumed parameters of the solar heating circuit,
most of the useful energy is lost in the circuit itself. This is especially important
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when the solar radiation is low and the demand is high, as it can be seen in
ﬁgure 6.8. Up to 60% of the solar energy is lost in the tank and the additional
pipes in the winter week simulation of Berlin.
Figure 6.8.: Percentage of the solar energy input lost in the pipes of the solar
heating circuit and the hot storage tank
These high heat losses probably mean that the additional piping system used
is not well dimensioned and an optimization is needed to reduce them.
Moreover, when performing an energy balance like the one depicted in ﬁgure
6.9 it can be seen that the accumulated energy in the tank has a big importance.
The initial conditions of the simulations carried out assume that the ﬂuid
which is found in the tank and pipes of the system has a temperature of 21ºC.
Therefore, part of the energy seized from the sun is used to preheat this ﬂuid
and thus not so much external heat can be spared. In order to minimize this
importance it would have been better to perform a previous simulation in
order to obtain more realistic initial conditions and avoid having this transient
period of heating the system. Also, if the whole conﬁguration was simulated
for a longer period this relative importance would not be such as the tank
remains warm, storing more or less the same energy.
The simulation carried out in Berlin for the summer week was repeated and
the following week was also simulated. As ﬁgure 6.10 shows, the importance
of the stored energy when performing an energy balance diminishes and that
of the solar heat used increases.
Furthermore, when simulating for a longer period of time the solar fraction
increases and is more similar to what it would have been if the tank was
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Figure 6.9.: Heat losses at the solar heating circuit when the absorption chiller
is on (Berlin Summer simulation)
Figure 6.10.: Importance of each factor in the energy balance of the solar heat-
ing circuit when simulating one or two weeks in summer (Berlin)
considered to be warm at the beginning of the simulation. Figure 6.11 shows
this slight increment.
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Figure 6.11.: Solar fraction of the system in Berlin when simulating one or two
weeks in summer
6.2. Electrical consumption
Figure 6.12 shows the energetic savings of primary energy in the form of elec-
tricity. These are calculated as the diﬀerence between the electrical consump-
tion of the reference system and that of each simulation in terms of primary
energy.
Figure 6.12.: Primary energy savings in terms of electricity for the District
Heating and Solar Heating systems
In winter the district heating conﬁguration should consume the same electric-
ity. However, as aforementioned, the absorption chiller is switched on to satisfy
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a very low cooling demand and thus there is more consumption of electricity.
Moreover, the fan in the cooling tower has a residual power consumption of
30W in standby mode which is also responsible for the increase in the demand
of electricity.
In summer, as ﬁgure 6.13 depicts, the COP of the absorption cooling plant is
much higher than that of the compression chiller used in the reference system.
The solar heating conﬁguration presents a lower COP than the district heat-
ing conﬁguration because the ﬂuid entering the generator is usually at a lower
temperature compared to that same ﬂuid in the district heating simulation
and thus there is more electrical consumption in the cooling tower.
Figure 6.13.: Electrical coeﬃcient of performance of the cooling plant in the
reference, district heating and solar heating conﬁgurations
Using an absorption chiller results in lower electricity use and energy is spared
in the district heating system. However, these savings in the form of electricity
are not enough to contrarrest the higher demand for heat of the absorption
chiller and the expected primary energy savings result in an excess of con-
sumption.
The compression chiller used in the reference system has a good coeﬃcient
of performance which deems the substitution of this for an absorption chiller
unproﬁtable. Figure 6.14 shows the relative primary energy savings versus the
COP of the compression chiller. In order to obtain energetic savings using the
given absorption chiller, the compression chiller should have had a COP below
2.3 whilst the simulated in the reference system has a COP between 3 and 3.3
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in summer.
Figure 6.14.: Realtive primary energy savings vs COP of the compression
chiller in the summer simulations of the district heating conﬁgu-
ration (See Appendix D)
Focusing on the performance of the solar heating conﬁguration, in ﬁgure 6.2
a clear reduction on the external heat consumption was seen comparing it
to the district heating system. The useful energy obtained from the sun is,
however, not enough to fulﬁll the demanded heat and thus there are still no
primary energy savings in terms of heat. Moreover, unlike the district heating
conﬁguration, as ﬁgure 6.12 showed, there are no savings in electricity but an
increase of its consumption.
In terms of electrically driven components, the solar heating conﬁguration only
diﬀers from the district heating conﬁguration by the use of three more pumps:
one which drives the ﬂuid which is heated in the collector, one which drives the
heated ﬂuid from the solar heat exchanger to the hot storage tank and a pump
used to drive hot water from the district heating system to act as a backup.
As it can be seen in ﬁgure 6.15, these additional pumps are consuming nearly
seven times more electricity in winter and up to three times more electricity
in summer.
Only in Madrid in summer, where the cooling demand is very high, the elec-
trical consumption of the whole solar heating system is lower than the con-
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Figure 6.15.: Electricity consumption for each conﬁguration
sumption of electricity in the reference system.
As an example, table 6.1 shows the electricity used by each component in Berlin
for both the summer and winter week simulations. The electrical consumption
of the common components is very similar and it is basically the additional
pumps the solar heating system has that raise the global demand of electricity.
It is worth mentioning the fact that the pump that drives the water through
the generator of the absorption chiller (P_Gout) has a much higher electrical
consumption. This is due to the fact that the district heating connections in the
district heating conﬁguration were assumed to have a pressure drop between
inlet and outlet of 0.2 bar, which is nearly enough to overcome pressure losses
in the piping system.
The cooling tower in summer also consumes more electricity in the solar heating
conﬁguration than in the district heating conﬁguration. This is so because the
temperature at the inlet of the generator is lower and thus it has to cool down
more the ﬂuid that circulates through the absorber/condenser.
It should also be noted that the power consumption of the domestic hot water
pump is very low and by far not a realistic value. This may occur due to a
problem in the hydraulics of the recirculation in the DHW circuit. However,
as this circuit is the same for all conﬁgurations and results are of the same
order of magnitude, this does not aﬀect the comparison between the diﬀerent
systems. Nonetheless, this is clearly an issue which should be addressed in
further optimizations of the model.
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Table 6.1.: Electricity consumption in W ·h for each component of the district
and solar heating systems simulated in Berlin
Berlin Summer Berlin Winter
DH Solar DH Solar
Absorption chiller 2600 2340 130 130
Cooling tower fan 7127 9192 5071 5075
Cooling tower pump 3599 3300 184 183
Generator pump 34 1534 2 84
Evaporator pump 2878 2650 148 148
Cooling circuit pump 49 52 0 0
Heating circuit pump 0 0 46 40
DHW circuit pump 2 5 4 8
Total common 16289 19073 5585 5668
Solar collectors pump - 1885 - 812
Hot storage pump - 20529 - 24777
Backup heat pump - 3510 - 6598
Total solar - 25924 - 32187
Total 16289 44997 5585 37855
The main pump that makes the whole conﬁguration unproﬁtable is the pump
that drives the ﬂuid between the solar heat exchanger and the hot storage
tank. This pump consumes itself more electricity than all the common pumps
that the district and the solar heating systems share. This pump is modelled
as having a constant eﬃciency of 20% although the hydraulic power it provides
is similar to the pump which drives the ﬂuid circulating through the cooling
tower, which has an eﬃciency of 45%.
Figure 6.16 shows the pressure losses at the solar heating circuit when the
absorption chiller is switched on. In this situation the pump P_ST has to
overcome a pressure drop of 76.8 kPa and consumes 310W of electrical power.
The worst case scenario is given when there is no demand of heating or domestic
hot water and the absorption chiller is turned oﬀ. As it can be seen in ﬁgure
6.17, in this case the pump P_ST consumes 363W of power as the pressure
drop in the circuit is higher.
The pump that drives the water coming from the district heating provider to
act as a backup, P_SB, also consumes a lot of electricity as it has to overcome
a pressure drop of 49.3 kPa in the heat exchanger. However, as the mass ﬂow
rate circulating is much lower, the overall electrical consumption is not as high.
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Figure 6.16.: Pressure losses at the solar heating circuit when the absorption
chiller is on (Berlin Summer simulation)
Figure 6.17.: Pressure losses at the solar heating circuit when the absorption
chiller is oﬀ (Berlin Summer simulation)
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6.3. Proposed modiﬁcation
When analysing the electrical consumption of the pumps an error in the load
model was detected. In the simulation done for Berlin in summer the backup
pump works 58 hours in that week whilst the amount of time when there is
a demand for domestic hot water or the absorption chiller is on is only of 47
hours. This means the backup system is working more hours than the needed
and thus consuming more electricity and heat than it should.
The error comes when reading the external text ﬁle with the diﬀerent loads.
The readed value goes through a ﬁrst order transfer function block which
delayes it ﬁve seconds. It is in this block that seldom, when the readed value is
zero, the output of the transfer function is not so. This false load value triggers
the backup pump as well as the other components which depend on it when
it shouldn't. However, this small load is considered by all components which
use it and is accounted for as a real load in the simulation so no convergence
problems are given. Nonetheless, it does activate the backup pump 20 hours
more than it should.
Figure 6.18.: Length of each pipe in the solar heating circuit of the modiﬁed
model
In order to fully analyse how the excess pressure losses and parasitic heat losses
as well as the detected error on the reading of the external load ﬁles aﬀected the
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results, a new simulation with some modiﬁcations was carried out. The original
solar heating system was modiﬁed to represent a best case conﬁguration where
the additional piping was reduced. The misreading of the heating, cooling and
DHW loads was solved by bypassing the ﬁrst order transfer function block.
Figure 6.18 shows the new assumed pipe lengths. The pipe returning from the
heating and DHW circuits was also shortened from 4 metres to 1 metre, as
well as total length of the pipes that form the circuit at the generator side of
the absorption chiller which was reduced from 3 to 2.5 metres.
Furthermore, high eﬃciency pumps were assumed to be used in the backup
and solar heating circuits thus modelling pumps P_ST and P_SB as having
a constant eﬃciency of 45%.
Due to the high simulation time, only the conﬁguration for Berlin/Summer
was simulated. The modiﬁcations introduced help to reduce the overall ex-
ternal heat consumption as in this model there are fewer heat losses. Figure
6.19 shows how the compact model now consumes less heat than the origi-
nal model although the reference system obviously still presents a lower heat
consumption.
Figure 6.19.: Energy consumption in the form of heat and electricity in the
reference, district heating and original solar heating coﬁgura-
tion and in the modiﬁed compact solar heating conﬁguration
(Berlin/Summer)
It can also be seen that with shorter pipes and a higher eﬃciency the overall
electrical consumption is reduced. Moreover, the system now consumes less
electricity than the reference system. This reduction on the electrical con-
sumption is favoured by the increase in the eﬃciency of the pumps and the
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reduction on pressure losses on the pipes but also by the overall reduction
on heat losses. In this modiﬁed conﬁguration less energy is lost and thus the
backup pump works less hours.
As table 6.2 shows, there is a slight increase in the electrical consumption of
the absorption chiller and in the cooling tower circuit. This is because once
the error when reading the external load ﬁle is solved, the ﬂuid in the so-
lar heating circuit is not heated in excess by the backup system and thus it
enters the generator at a lower temperature. This in turn makes the cool-
ing tower fan turn faster in other to cool down more the cold water entering
the absorber/condenser. However, this slight increase is much lower than the
reduction in the three aforementioned pumps.
Table 6.2.: Electricity consumption inW ·h for each component of the original
district and solar heating conﬁgurations and the modiﬁed compact
solar heating conﬁguration
DH Solar (original) Solar (compact)
Absorption chiller 2600 2340 2470
Cooling tower fan 7127 9192 9400
Cooling tower pump 3599 3300 3483
Generator pump 34 1534 1564
Evaporator pump 2878 2650 2800
Cooling circuit pump 49 52 51
Heating circuit pump 0 0 0
DHW circuit pump 2 5 6
Total common 16289 19073 19774
Solar collectors pump - 1885 1884
Hot storage pump - 20529 6308
Backup heat pump - 3510 802
Total solar - 25924 8994
Total 16289 44997 28768
However, although these modiﬁcations reduce the external heat consumption
of the system and the overall electrical consumption, the savings in electric-
ity are not enough to compensate the higher consumption of heat the solar
heating system has in comparison to the reference system. Figure 6.20 depicts
the primary energy savings of the original district and solar heating conﬁg-
urations and that of the modiﬁed solar heating conﬁguration. As it can be
seen, although there is a reduction this is still not positive and thus it remains
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unproﬁtable to install such a system.
Figure 6.20.: Primary Energy savings in the original district and solar heat-
ing conﬁgurations and the modiﬁed compact solar heating
conﬁguration
Other considerations should be taken into account in order to further optimize
the system.
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6.4. Inﬂuence of the collector surface and
storage capacity
Alternative conﬁgurations were considered in order to evaluate the perfor-
mance of the system and identify the conﬁgurations which present better re-
sults. Due to a lack of time only the inﬂuence on the collector surface and the
hot storage capacity could be analysed.
Figure 6.21.: Primary energy savings with diﬀerent collector surfaces and stor-
age capacities
It should be ﬁrst noted that, as ﬁgure 6.21 shows, there are still no energetic
savings in any of the diﬀerent conﬁgurations. However, with larger collector
surfaces there is less consumption of primary energy and it seems that using
a hot storage tank which has the double of ﬂuid capacity also reduces this
consumption.
The control strategy used to switch on and oﬀ the pump which drives the ﬂuid
through the solar collectors and the pump which circulates the water from
the solar heat exchanger to the tank is what mostly inﬂuences these changes.
Looking at the total electrical consumption shown in ﬁgure 6.22 it can be seen
that it falls with larger collector areas.
This reduction of the electricity used by the system is so because the solar
pumps are used less hours. The more collector surface there is, the higher
the temperature at the outlet of the collector is. This means the water at
the outlet of the solar heat exchanger is also at a higher temperature and
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Figure 6.22.: Electrical consumption with diﬀerent collector surfaces and stor-
age capacities
thus the average temperature at the tank reaches 80ºC much faster. Once this
temperature is reached the pumps are turned oﬀ until it falls under 65ºC. In the
simulations with 50m2 and 75m2 this can take up to two days to happen so the
temperature at which the water is when entering the backup heat exchanger
is in average lower. This is why, as ﬁgure 6.23 shows, there is more external
heat consumption when the solar collector surface is larger.
Figure 6.23.: External heat consumption with diﬀerent collector surfaces and
storage capacities
What would be expected is that when a higher investment is done to install a
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larger surface of ﬂat plate collectors, these should provide more energy seized
from the sun and thus less external heat would be needed. However, as ex-
plained, the control strategy used deems the results the opposite.
The average temperature of the hot storage tank in the conﬁguration with
25m2 of collectors never reaches the set 80ºC. This means that when ﬂuid
ﬂows through the absorption chiller and the DHW circuit, part of it comes
directly from the solar heat exchanger. This water is, in average, at a higher
temperature throughout the simulation so the backup system is needed less
often. The other two conﬁgurations reach rapidly the 80ºC so no ﬂuid circu-
lating to the absorption chiller and the DHW circuit comes from the solar heat
exchanger and in average it is at a lower temperature.
This behaviour which is due to the control strategy makes it diﬃcult to anal-
yse the inﬂuence of using a bigger or smaller storage capacity. With a bigger
hot storage tank, the average temperature which is used to control the solar
pumps diﬀers more between the temperature at the top and at the bottom
of the tank. This might be a reason why the conﬁguration with the big tank
and the largest collector area has lower heat consumption than the conﬁgura-
tion with a smaller tank and the same collector surface. Although the average
temperature reached when the pumps are turned oﬀ is the same in both cases,
the temperature at the bottom of the bigger tank is much higher. This hotter
ﬂuid is what is ﬁrst extracted from the tank and thus the temperature at the
backup heat exchanger is higher for the bigger hot storage tank, switching on
the backup pump less often.
With the selected control strategy, the conﬁguration which turns out to con-
sume less energy has a hot storage capacity of 1.8m3 and a total collector's
surface of 75m2. However, this conﬁguration still does not present energetic
savings in the form of primary energy. What it can be clearly seen is that the
control strategy is by far not optimal as a lot of solar energy is not used and
heat from the backup system is consumed.
6.5. Possible error on the splitter model
When analysing the results from the diﬀerent simulations a possible error on
the model of the splitter used was detected. This splitter is used to divide a
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ﬂow into two diﬀerent ﬂows or to join two ﬂows in one. However, it seems
the internal enthalpy balance of the model is not correct and thus the results
obtained would be slightly unaccurate. Figure 6.24 depicts a more thorough
energy balance than the one shown in ﬁgure 6.9. This energy balance corre-
sponds to a simulation of the solar heating conﬁguration in Berlin carried out
during the ﬁrst 24 hours of the summer week. Only one day could be simulated
due to the high duration times of the simulations.
Figure 6.24.: Thorough energetic balance of the solar heating circuit in the
Berlin conﬁguration simulated for 24 hours
In order to check if the assumed problem in the splitters was true, a simulation
was carried out where the exact heat losses of each pipe were calculated. If the
energy balance is conducted, up to 1.52kWh are missing, which correspond to
the error in the splitter model. As this simulation was done during a period of
one day, only an error on the results of the other simulations between 5kWh
and 10kWh can be assumed. It would therefore be necessary to simulate all the
conﬁgurations again using a model for the splitter which does not present such
an issue. However, this possible error does not change the results drastically
so the overall analysis is still valuable.
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Once the errors detected in previous works were solved, a stable model of a
solar heating system to provide space heating and cooling as well as domestic
hot water was obtained. This model now represents, in a much more realistic
way, a possible conﬁguration and is able to simulate and work at any condi-
tions, thus becoming a valuable tool to study and thoroughly analyse these
systems.
As it was seen in the analysis, with the assumptions that were initially made,
there are no energetic savings in any of the simulated conﬁgurations. This
deems the system unproﬁtable from an energetic point of view with the given
simulation boundaries and selected components. However, it is now easy to
focus on the optimization of the control strategies used and the conﬁguration
of the plant.
Using an absorption chiller instead of a compression chiller is a wise option
when there is a high demand for cooling. As it was seen, in summer the elec-
trical coeﬃcient of performance of the absorption chiller is much higher than
that of the reference compression chiller. However, as the former also needs
heat to operate, the installation of such a chiller should be accompanied by
a conﬁguration which helps to reduce this additional heat consumption. This
makes it perfect for installations which seize waste heat from an external pro-
cess or, when it is possible by weather conditions, solar collectors. Without
these options the absorption chiller has to be very eﬃcient in order to reduce
the energetic consumption.
Additionally, the control strategies used do not take into account the total
demand and do not depend on the season of the year it is. In winter, although
there can be a sporadic demand for cooling, if this demand is low the absorp-
tion chiller has a very low performance. For such low demands it is therefore
not worth turning on the absorption chiller. Furthermore, the simulations were
carried out with a ﬁxed load ﬁle, so no building response could be considered.
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Ideally the solar cooling system would sometimes not be operated if the de-
mand is low and for a short period of time, allowing the building to exceed the
set temperature occasionally.
In a solar heating conﬁguration it is also important to dimension accurately
the additional circuits which obtain the heat from the sun or the whole system
can turn out unproﬁtable. Whilst there can be a reduction, this may not be
enough to provide energetic savings.
This lack of energetic savings is, as it has been analysed, mainly due to an
excessive electrical consumption and high heat losses. On initial assumptions
it was not noted that there would be such high pressure drops which in turn
increase the hydraulic power certain pumps should provide. It is therefore
important to consider the pressure losses which each component adds to the
circuit and to account for the mass ﬂow rates which will circulate through it
when selecting the pumps to use. As it was noted, the pump that drives the
ﬂuid from the solar heat exchanger to the hot storage tank was consuming an
exorbitant amount of electricity which was not foreseen. Reducing the length
of the pipes and using a more eﬃcient pump helped to level down the electrical
needs of this pump but the system still presented no energetic savings.
The selected solar heat exchanger presents high pressure losses so another
model, which might be more in accordance to the needs of the given conﬁg-
uration, could be sought. Another possible option would be to integrate the
solar heat exchanger inside the hot storage tank, thus getting totally rid of the
aforementioned pressure losses and furthermore, the pump which is consuming
so much. However, this might be an issue which is not normally accounted for
in simulations of such systems and can be of great importance. In the Solar-
Combi+ virtual case study the total pressure losses in the hot water circuit
were considered to be a constant value of 100mbar [12] whilst in the conﬁgu-
ration simulated in this thesis these can be up to 900mbar in the worst case.
Heat losses in the distribution pipes were also responsible for the lack of en-
ergetic savings, especially in winter where they represent a high fraction of
the solar input. These parasitic losses should always be accounted for when
dimensioning the circuits and an investment on better isolation could be worth
it in a long time perspective.
Moreover, as it was seen, when simulating such systems the transient of pre-
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heating the ﬂuid in the pipes and tank from the initial conditions to the work-
ing conditions should always be considered. Simulations should be performed
previously in order to obtain values that can be used as initial conditions and
avoid the transient. When this is not done, part of the energy is used to
preheat the whole system and thus the results are not as accurate as they
represent the moment when the system is installed and not a fraction of the
normal operation conditions. This is also solved by increasing the timespan
of simulation as it reduces its importance in the energy balance. Ideally the
system should be simulated for a year to analyse how it performs and reacts
to the diﬀerent conditions which are given throughout the year. However, the
complexity of the generated models deem this unfeasible.
Further optimizations could be made to improve the performance of the sim-
ulated system, especially on the control strategies used in the solar collector
and backup heat circuits. Initially, various simulations varying the collector's
surface and the hot storage capacity were carried out in order to identify the
most eﬃcient and energy sparing conﬁguration. However, what these simula-
tions really showed is that the control strategy used in the solar pumps is by
far not optimal. The larger the collector's surface, the more energy that can be
seized from the sun but the control strategy used makes the conﬁgurations use
less solar energy when the area of collectors is bigger. This implies that lots of
free energy remains unused and the consumption of external heat grows. This
is an important issue which should be addressed in future optimizations.
Moreover, in order to perform a more accurate simulation, the error in the
model used for the splitters should be corrected as well as checking the hy-
draulics on the recirculation of the heating and DHW circuits. Improving the
model of the heat exchangers should also be considered. The model which
was used has a constant heat transfer coeﬃcient and thus when there is no
ﬂow circulating there is still heat transfer. Additionally, all component models
used should present heat exchange between the ﬂuid and the environment as
it is how they perform in real life. Also, simulations with constant loads in
diﬀerent locations could be carried out to analyse the performance of the solar
heating circuit.
To conclude, it has been seen that, although what one would expect from a
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solar heating system would be that it reduces the energetic consumption of a
given conﬁguration, the resulting performance ﬁgures can show the opposite.
If the assumed pressure losses are not realistic and are considered to be lower
than what a real system would present, a simulation can show that a given
conﬁgration is more eﬃcient than it really is. This could be why when the
perfomance of real installations are measured it turns out it is worse than it
was initially expected.
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A. Pressure losses at the loads
The following Appendix describes the procedure carried out to calculate the
pressure losses at the cooling, heating and DHW loads. The cooling distribu-
tion system was assumed to be composed by chilled ceilings whilst the heating
distribution system are radiant ﬂoors. A simple heat exchanger is used to heat
water from the regular domestic water supplier.
A.1. Cooling distribution
Chilled ceilings are used to distribute the cooling capacity at the given chilled
water feed temperature. In order to calculate pressure losses some assump-
tions had to be made as there was not enough data available. The procedure
carried out follows the instructions given by manufacturer Krantz in the tech-
nical selection manual for their SKS static cooling ceiling system (cita). The
following initial conditions were assumed:
Table A.1.: Chilled ceiling calculation - Initial assumptions
Requisite cooling output of cooling ceiling Q˙ 3000 W
Room temperature ϑR 21ºC
Chilled water supply temperature ϑV L 15ºC
Chilled water temperature diﬀerence ∆ϑW 3K
Room ceiling surface area (ﬂoor area) AR 60m
2
Free area of false ceiling A0 40%
From Graph A in ﬁgure A.1 we obtain:
q˙0 = 95W/m
2 (A.1)
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Figure A.1.: Graphs provided by manufacturer Krantz
From Graph B in ﬁgure A.1 we obtain:
kD = 0.89 (A.2)
As the covered area β is not yet known, we estimate it to be β = 55%. From
Graph C in ﬁgure A.1 we obtain:
kβ = 1.04 (A.3)
With these values it is possible to calculate the speciﬁc output cooling of
cooling elements as follows:
q˙ = q˙0 · kD · kβ = 87.93W/m2 (A.4)
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Therefore, the requisite total surface area of SKS elements is:
ASKS =
Q˙
q˙
= 34.12m2 (A.5)
Before proceeding we check that the estimated covered area was correct:
β =
ASKS
AR
= 56.86 (A.6)
As it is close enough to the initially estimated 55%, no correction is needed.
The number n of cooling elements depends on their size. In this case, a cooling
element of length L = 3.0m and width B = 0.975m was selected, thus the area
of a single cooling element is AKE = 2.9m
2. The total number of cooling
elements needed is:
n =
Q˙
q˙ · AKE = 11.66 (A.7)
Which rounds up to 12 elements. We can now check that these elements will
be able to provide the requisite cooling output fo the chilled ceiling:
Q˙ = n · AKE · q˙ = 3086 ≈ 3000 (A.8)
The chilled water ﬂow rate per cooling element is given by:
V˙W =
0.86 · AKE · q˙
∆ϑW
= 73.73l/h (A.9)
We can ﬁnally calculate the pressure losses of one of the elements connected
in parallel that conform our chilled ceiling. The number of cooling ﬁns per
cooling element is:
N =
B
0.125
= 7.8 (A.10)
Which rounds up to 8, and thus the pressure losses are:
∆p = 1.81 · 10−5 ·N · (L+ 0.1) · V˙ 2W = 2.44kPa (A.11)
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A.2. Domestic hot water
As aforementioned, the DHW load model is assumed to be a simple heat ex-
changer that would heat water coming from the regular water distribution
system. In order to account for realistic pressure losses a heat exchanger was
dimensioned using the FlatPlateSELECT online tool provided by manufac-
turer GEA [6]. Model FP5X12L-6 (3/4" MPT) was selected, which presents
pressure losses of 2.5kPa at a nominal mass ﬂow rate of 0.1kg/s as shows the
datasheet in ﬁgure A.2.
A.3. Space heating distribution
Space heating is distributed with the help of radiant ﬂoors. Due to the fact
that no building model was available and that heating loads are obtained
from a separate textﬁle, a thorough dimensioning of the whole radiant ﬂoor
system was not possible. Furthermore, it would be necessary to assume too
many parameters. Therefore, and as only the nominal pressure losses were
needed for the heating load model these were estimated to bo of 20kPa at a
nominal mass ﬂow rate of 0.12kg/s. These values were derived from an example
provided by manufacturer Velta [10] and account for the circuit which presents
the maximum pressure losses.
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GEA PHE Systems North America, Inc.
100 GEA Drive
York, PA 17406 USA
Ph: (717) 268-6200
FAX: (717) 268-6163
Website: www.gea-phe.com/usa
Domestic hot water
Customer / Project Project Created 8/2/2011 7:08 AM Selection ID NUF8R2P2N
User name ciaran Print date 8/2/2011
Model: FP5X12L-6 (3/4" MPT)
Load (kW) 4.2 Nominal surface (m²) 0.1
Log mean temp. diff. (°C) 36.0 Dimensions 124W x 310H x 23D
Overall HTC (W/m²K) 3,095 Plate construction Single wall
Oversurface percent 279.1 Net weight (kg) 2.0
Model size 5x12L
Design Conditions Side A - Liquid Side B - Liquid
Fluid type Water Water
Fluid mass flow rate (kg/min) 6.0 10.0
Entering fluid temp. (°C) 65.0 21.0
Leaving fluid temp. (°C) 55.0 27.0
Fluid flow rate (L/min) 6.1 10.0
Fluid fouling factor (m²·K/W) 0.000018 0.000018
Fluid specific heat (kJ/kg·K) 4.183 4.183
Fluid thermal conductivity (W/m·K) 0.654 0.605
Fluid viscosity (centipoise) 0.4667 0.9141
Fluid density (kg/m³) 983.2 997.2
Fluid freezing temp. (°C) 0.0 0.0
Model Parameters
Number of channels 2 3
Velocity (m/s) 0.23 0.26
Pressure drop (kPa) 2.5 3.2
Heat transfer coef. (W/m²K) 7,281 6,645
Internal volume (L) 0.170 0.255
Figure A.2.: Datasheet of the DHW heat exchanger model
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B. Solar collector model
The original colar collector model is built using two ﬂuid ports and each port is
linked to a medium model. Then, the behaviour of the collectors is described
using the Hottel-Whillier-Bliss equation and thus by writing the energy balance
in the collector B.1.
m˙ · cp · (Tout−Tin) +C · δT
δt
= A · [η0−k1 · (T − Tenv)
IT
−k2 · (T − Tenv)
2
IT
] (B.1)
Where:
T = Tave =
Tin + Tout
2
(B.2)
The problem with this approach is that due to the way Modellica treats ﬂuid
connections, the temperature at the inlet is only determined by the enthalpy
ﬂow from the pipe preceding the collector. This results in a valid model when
there is mass ﬂow circulating through the collector, but it gives false and
unrealistic solutions to the mass balance when there is no ﬂow. For instance,
as ﬁgure B.1 shows, at night, when the solar pump is turned oﬀ and thus no
ﬂuid circulates through the solar collector, the temperature at the outlet given
by the model falls under the environment's temperature.
This happens because when m˙ is zero, the left part of equation B.1 is also
zero so the average temperature slowly falls until it is equal to the ambient
temperature. However, as aforementioned, the inlet temperature depends only
on the previous component connected to it and is not aﬀected by any other
change. As it is seen in ﬁgure B.1 the inlet temperature is falling because the
previous component is a pipe which exchanges heat with the environment but
its heat transfer coeﬃcient has nothing to do with that of the solar collector and
thus it varies in an independent way. The outlet temperature is then calculated
with equation B.2 so it has to be lower than the ambient temperature for all
the equations to be true.
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Figure B.1.: Original collector in normal conditions
This behaviour is by far not realistic but the model performed even worse when
the mass ﬂow turned from being a certain value to being zero in the middle of
the day. Figure B.2 shows how the original model behaves when the mass ﬂow
rate of the pump is set to zero after a certain time. As it can be seen, the outlet
temperature rises exorbitantly to values where the ﬂuid inside the collector is
not liquid anymore and which are far above the stagnation temperature of the
solar collector used.
Figure B.2.: Original collector when the mass ﬂow suddenly becomes zero
When the mass ﬂow is suddenly set to zero because the pump is turned oﬀ,
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the value of the left part of the equation falls abruptly. In order to compensate
this the only value that can change on the right part of the equation is the
average temperature, which has to rise.
In order to solve these problems the solar collector was modiﬁed and a volume
model was used. As it can be seen in ﬁgure B.3, the two ﬂuid ports are now
connected to each other through the volume, which corresponds the the real
volume of the solar collectors.
Figure B.3.: Modiﬁed collector
Between each port and the volume there is a pipe model although neither of
them exchanges heat with the environment and only one has pressure losses
which account for the pressure losses inside the collectors. The solar collector
is now treated as a big volume of ﬂuid at the average temperature and the heat
capacity of the collector is added to that of the ﬂuid to account for transient
behaviour. The solar energy which heats the collectors is then calculated
using a function block and transfered to the volume. Equation B.3 describes
the function used where T is the temperature of the volume.
Qsun = A · [η0 − k1 · (T − Tenv)
IT
− k2 · (T − Tenv)
2
IT
] (B.3)
With these modiﬁcations it is now possible to avoid the problems that the
original model presented as a realistic average temperature is used. Further-
more, as the two ports are connected internally it makes convergence easier
for complex models which use this solar collector model.
As ﬁgure B.4 depicts, the temperature in the solar collector now resembles
that of the environment when there is no mass ﬂow at night.
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Figure B.4.: Modiﬁed collector in normal conditions
Moreover, as seen in ﬁgure B.5, when the pump is suddenly turned oﬀ in the
middle of the day the average temperature rises because the volume is heated
but this is done gradually instead of being instantaneous.
Figure B.5.: Modiﬁed collector when the mass ﬂow suddenly becomes zero
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C. Heat exchanger selection
In order to simulate the system in the most realistic way possible the param-
eters of a real heat exchanger had to be used and thus one which satisﬁed
the confugration's needs had to be selected. To carry out this selection the
FlatPlateSELECT online tool provided by manufacturer GEA [6] was used.
For the solar heat exchnager the temperatures at the inlet and outlet of the
collector side as well as the temperature at the inlet of the tank side and the
mass ﬂow rates circulating on both sides were assumed. When introducing
these values, the heat exchanger selected by the tool corresponds to model
FG5X12-14 (3/4" MPT). Figure C.1 shows the datasheet of such model.
The same procedure was carried out to select the heat exchanger for the backup
system, introducing the temperatures at the inlet and outlet of the district
heating side as well as the temperature at the outlet of the other side and the
mass ﬂow rates circulating on both sides. The selected model is FG5X12-8
(3/4" MPT) and its datasheet can be seen in ﬁgure C.2
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GEA PHE Systems North America, Inc.
100 GEA Drive
York, PA 17406 USA
Ph: (717) 268-6200
FAX: (717) 268-6163
Website: www.gea-phe.com/usa
Liquid to liquid
Customer / Project wu solar definitiu Selection ID NUF8W7G7L
User name ciaran Print date 8/11/2011
Model: FG5X12-14 (3/4" MPT)
Load (kW) 22.0 Nominal surface (m²) 0.4
Log mean temp. diff. (°C) 11.6 Dimensions 129W x 338H x 41D
Overall HTC (W/m²K) 6,402 Plate construction Single wall
Oversurface percent 44.7 Net weight (kg) 3.5
Model size 5x12
Design Conditions Side A - Liquid Side B - Liquid
Fluid type Ethylene glycol Water
Fluid conc. 37
Fluid mass flow rate (kg/min) 36.0 48.0
Entering fluid temp. (°C) 70.0 50.0
Leaving fluid temp. (°C) 60.0 56.6
Fluid flow rate (L/min) 34.9 48.7
Fluid fouling factor (m²·K/W) 0.000018 0.000018
Fluid specific heat (kJ/kg·K) 3.665 4.182
Fluid thermal conductivity (W/m·K) 0.459 0.647
Fluid viscosity (centipoise) 0.9910 0.5186
Fluid density (kg/m³) 1,032.6 986.5
Fluid freezing temp. (°C) -21.8 0.0
Model Parameters
Number of channels 6 7
Velocity (m/s) 0.45 0.53
Pressure drop (kPa) 44.0 55.3
Heat transfer coef. (W/m²K) 12,762 23,468
Internal volume (L) 0.510 0.595
Figure C.1.: Datasheet of the solar heat exchanger model
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GEA PHE Systems North America, Inc.
100 GEA Drive
York, PA 17406 USA
Ph: (717) 268-6200
FAX: (717) 268-6163
Website: www.gea-phe.com/usa
Liquid to liquid
Customer / Project wu backup def Selection ID NUF8Y2Z2F
User name ciaran Print date 8/14/2011
Model: FG5X12-8 (3/4" MPT)
Load (kW) 13.9 Nominal surface (m²) 0.2
Log mean temp. diff. (°C) 30.6 Dimensions 129W x 338H x 28D
Overall HTC (W/m²K) 6,024 Plate construction Single wall
Oversurface percent 184.7 Net weight (kg) 2.7
Model size 5x12
Design Conditions Side A - Liquid Side B - Liquid
Fluid type Water Water
Fluid mass flow rate (kg/min) 19.8 9.0
Entering fluid temp. (°C) 90.0 42.9
Leaving fluid temp. (°C) 80.0 65.0
Fluid flow rate (L/min) 20.4 9.1
Fluid fouling factor (m²·K/W) 0.000018 0.000018
Fluid specific heat (kJ/kg·K) 4.199 4.182
Fluid thermal conductivity (W/m·K) 0.673 0.648
Fluid viscosity (centipoise) 0.3338 0.5128
Fluid density (kg/m³) 968.6 986.2
Fluid freezing temp. (°C) 0.0 0.0
Model Parameters
Number of channels 3 4
Velocity (m/s) 0.52 0.17
Pressure drop (kPa) 49.3 6.7
Heat transfer coef. (W/m²K) 22,712 11,529
Internal volume (L) 0.255 0.340
Figure C.2.: Datasheet of the backup heat exchanger model
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D. Additional graphs
It was found interesting to analyse with the given absorption chiller when would
it be more proﬁtable to use such a chiller instead of a compression chiller. In
this thesis the compression chiller used in the reference conﬁguration is the
same as the one used in the SolarCombi+ virtual case study [12] which has
a good COP. However, it could happen that for one reason or another, when
considering which compression chiller to select, this presents a lower COP and
an absorption chiller may become an option. This is why ﬁgure 6.14 was cre-
ated.
Primary energy savings are deﬁned as the diﬀerence between the primary en-
ergy used in the reference system and the used in the analysed system. It
is possible to express these savings in terms of the COP of the compression
chiller and see for which values energy would be spared. The primary energy
savings of the reference system can be expressed as:
PEref =
Eelec,ref
Cconv,elec
+
Qheat,ref
Cconv,heat
(D.1)
Where:
Eelec,ref
Cconv,elec
=
DemandCooling
COPCC · Cconv,elec (D.2)
Qheat,ref
Cconv,heat
= (
DemandHeating
COPH
+
DemandDHW
COPDHW
) · 1
Cconv,heat
(D.3)
The same can be done with the primary energy consumption of the district
heating conﬁguration:
PEDH =
Eelec,DH
Cconv,elec
+
Qheat,DH
Cconv,heat
(D.4)
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Where:
Eelec,DH
Cconv,elec
=
DemandCooling
COPelec,AC · Cconv,elec (D.5)
Qheat,DH
Cconv,heat
= (
DemandCooling
COPth,AC
+
DemandHeating
COPH
+
DemandDHW
COPDHW
) · 1
Cconv,heat
(D.6)
Considering that the space heating and domestic hot water circuits are the
same in both the reference and the district heating conﬁgurations, the primary
energy savings can be expressed as a ratio of the cooling demand using the
following equation:
PEsave,DH
DemandCooling
=
1
COPCC · Cconv,elec−(
1
COPelec,AC · Cconv,elec+
1
COPth,AC · Cconv,heat )
(D.7)
Equation D.7 is used to draw ﬁgure 6.14 by varying the value of COPCC and
assuming all the other parameters constant.
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E. Contents of the adjoining
CD
During the development of this thesis several ﬁles have been generated which
have been included in the adjoining CD:
 Models of the reference, district heating and solar heating conﬁgurations
as well as the diﬀerent variations of the solar heating conﬁguration
 Load ﬁles and weather data for both Berlin and Madrid
 Dymola result ﬁles for all the simulations which have been carried out
 Additional libraries used (Modelica Fluid and PolySMART libraries)
 The improved solar collector model
 This thesis in PDF format
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